Introduction {#sec1}
============

Skin disease studies in human subjects are restricted for ethical and practical reasons, and even more so in patients affected by rare and often devastating disorders of genetic origin (i.e., genodermatoses). Thus, the establishment of reliable models to address both pathogenic mechanisms and the efficacy of novel therapeutic approaches is of major interest and represents a great challenge. Although several genodermatoses murine models exist, it is not unusual that they pose important shortcomings ranging from early lethality to poor recapitulation of the actual human cutaneous phenotype. These problems may be overcome through the use of 3D organotypic cultures (OTCs) or transplantation of bioengineered skin produced with genodermatoses patient cells.[@bib1] However, important limitations persist, namely paucity of genodermatoses patients for cell isolation and the inaccuracy of working with non-isogenic, control-patient pairs. Both problems could be solved if proper gene loss of function (e.g., knockouts) is achieved on readily available cells from healthy individuals. Since RNAi-mediated gene silencing is rarely 100% effective at ablating the expression of a target gene product,[@bib2]^,^[@bib3] gene disruption through genome editing is required to produce true null alleles.

We recently established the conditions to achieve gene correction by CRISPR-Cas9, facilitating non-homologous end joining (NHEJ) reframing of mutant *COL7A1* with extraordinary efficacy in recessive dystrophic epidermolysis bullosa (RDEB) patient keratinocytes.[@bib4] In this study, we sought to determine whether such non-viral methodology could be adapted to disrupt a genodermatosis-causing gene, aiming at developing a trustworthy model of that disease.

Netherton syndrome (NS) is a debilitating condition characterized by a defective skin barrier with ichthyosiform erythroderma and allergic manifestations.[@bib5] NS is usually associated with a significant degree of mortality in the first year of life as a consequence of complications that include bronchopneumonia, sepsis, and hypernatremic dehydration due to the severe water loss through the faulty skin barrier.

NS is an autosomal recessive skin disorder, with an estimated prevalence of 1:200.000 at birth, due to mutations in the *SPINK5* gene that encodes the lympho-epithelial Kazal-type inhibitor (LEKTI) protein, an inhibitor of the serine proteases kallikrein-related peptidase 5 (KLK5), KLK7, and KLK14, which play a fundamental role in the controlled desquamation of the *stratum corneum.*[@bib6], [@bib7], [@bib8], [@bib9] Subsequently, uncontrolled kallikreins excessively degrade corneodesmosomes and cleave pro-elastase 2 (ELA2), which in turn leads to a defective skin barrier.[@bib8]^,^[@bib10], [@bib11], [@bib12], [@bib13] In patients with NS, mutations in *SPINK5* cause the expression of truncated proteins with little or no LEKTI activity.[@bib14]^,^[@bib15]

Previously, we established a skin-humanized mouse model of NS, based on the engraftment in immunodeficient mice of bioengineered skins, generated with NS patients' primary cells.[@bib5]^,^[@bib16] The model fairly recapitulated the major NS features and served as a basis of a clinical protocol for gene therapy.[@bib17]

Herein, we exploited the advantages of our very efficient CRISPR-Cas9 genome editing strategy to abrogate *SPINK5* in human keratinocytes. *SPINK5*-knockout (Δ*SPINK5*) epidermal cell clones showed hallmarks of NS *in vitro* and *in vivo*, enabling the development of reliable models suitable for evaluation of relevant therapies.

Results {#sec2}
=======

Generation of Δ*SPINK5* Human Keratinocytes {#sec2.1}
-------------------------------------------

A non-viral NHEJ approach based on CRISPR-Cas9 was used to excise a genomic fragment encompassing *SPINK5* exon 1 (E1), in order to generate a knockout model. The system requires the use of two CRISPR guide RNAs (gRNAs) recognizing sequences flanking the genome target ([Figure 1](#fig1){ref-type="fig"}A). Four different gRNA pairs were designed and tested for deletion efficacy of the intended *SPINK5* sequences ([Figure 1](#fig1){ref-type="fig"}B). Human keratinocytes were nucleofected with ribonucleoprotein (RNP) complexes containing the different gRNA-Cas9 pairs. The corresponding sequence deletions were assessed by PCR amplification of a fragment spanning the RNP target sites ([Figure 1](#fig1){ref-type="fig"}C, left). All RNP pairs led to deletion, as shown by the presence of smaller bands with sizes congruent with the distance between Cas9 cutting sites ([Figure 1](#fig1){ref-type="fig"}C, right). Differences in deletion efficacy were found among the different RNP pairs (1+4 \> 1+3 \> 2+4 \> 2+3). In keratinocytes treated with RNP 1+4, the most efficacious pair, the smallest band (464 bp corresponding to a 172-bp deletion) accounted for 81.3% of alleles as determined by densitometric quantitation of the PCR products ([Figure 1](#fig1){ref-type="fig"}C). Sanger sequencing analysis of the lower PCR bands demonstrated that the predicted repair event (i.e., precise rejoining of the Cas9 break ends) was mostly represented, although a slight contribution of other indel-bearing species could be detected ([Figure S1](#mmc1){ref-type="supplementary-material"}). The presence of Δ*SPINK5* alleles in a ratio higher than 50% indicated that homozygous deletion of *SPINK5* E1 represented a frequent event.Figure 1*SPINK5* Disruption in Human Keratinocytes(A) *SPINK5-*knockout strategy. Pairs of CRISPR gRNA guides (RNP1 and RNP2) were designed to allow excision of *SPINK5* exon 1 (E1) by Cas9. (B) Sequences and alignment of the designed gRNA guides to the targeted *SPINK5* sequences (1 and 2 targeting E1, and 3 and 4 targeting intron 1 \[I1\]). The protospacer adjacent motif (PAM) is indicated in a darker color, and the transcription start site is indicated in red. (C) PCR analysis of genomic DNA from Δ*SPINK5* keratinocytes treated with the different RNP pairs. Distance between cutting sites, according to each RNP pair combination, is shown in the right panel, and the efficacy (densitometric) value of excision is indicated at the bottom of each lane. The RNP 1+4 and 1+3 pairs yield the highest proportion of excised E1 according to the intensity of the lower band (464--510 bp).

In order to determine whether *SPINK5* gene disruption affected the expression of LEKTI, its expression was analyzed by immunofluorescence. Remarkably and consistently with the high degree of *SPINK5* E1 deletion achieved with 1+4 and 1+3 guide pairs, LEKTI expression appeared barely detectable in bulk keratinocyte populations ([Figure 2](#fig2){ref-type="fig"}A). These results were confirmed by western blot analysis, which showed a decrease of both the 145-kDa full-length fragment and the 65-kDa bioactive cleavage LEKTI fragment ([Figure 2](#fig2){ref-type="fig"}B). Overall, these results demonstrate the feasibility and high efficacy of *SPINK5* knockout in human keratinocytes using non-viral CRISPR-Cas9 RNP delivery.Figure 2Effect of *SPINK5* Disruption on LEKTI Expression(A) LEKTI immunofluorescence (IF) of human keratinocytes treated with the different RNP pairs. Cells treated with RNP 1+4 and 1+3 show a significant decrease in LEKTI expression compared to their healthy isogenic counterparts (HK Ctrl), resembling NS keratinocytes (HKNS). (B) Western blot analysis confirms the reduction of full-length (145 kDa) and bioactive LEKTI (65 kDa) in Δ*SPINK5* cell lysates, consistent with the exon 1 deletion rate and the IF data.

Isolation and Characterization of Δ*SPINK5* Keratinocyte Clones {#sec2.2}
---------------------------------------------------------------

Despite the remarkable efficacy of *SPINK5* knockout achieved in bulk human primary keratinocytes, a bona fide LEKTI null could only be attainable when both *SPINK5* alleles were targeted. To obtain cells with homozygous gene deletion, several clones of the keratinocytes treated with CRISPR RNP 1+4 and 1+3 pairs were isolated and expanded. As predicted from the DNA and protein data of the polyclonal population, most of the clones presented a homozygous Δ*SPINK5* deletion ([Figure 3](#fig3){ref-type="fig"}A). Selected homozygous clones were further analyzed for LEKTI expression by western blot ([Figure 3](#fig3){ref-type="fig"}B). As predicted, protein expression was completely abrogated in the gene-edited clones. Due to its better proliferation rate, clone 1+4.2 was chosen for NS modeling studies, and its homozygous Δ*SPINK5* deletion was confirmed by Sanger sequencing ([Figure S1](#mmc1){ref-type="supplementary-material"}A). To avoid senescence and loss of regenerative capacity of the selected clone, cells were immortalized using a retroviral vector carrying the human papillomavirus E6 and E7 coding genes (named as Δ*SPINK5*+E6E7), and the expression of E7 protein was assessed by western blot ([Figure S2](#mmc1){ref-type="supplementary-material"}). The tumorigenic potential of the immortalized cells was assessed after subcutaneous injection in immunocompromised mice. Twelve weeks after injection, no tumor development was observed (data not shown).Figure 3Genotype of Δ*SPINK5* Clones and LEKTI Expression(A) Ten out of 11 Δ*SPINK5* isolated clones show a single PCR band of approximately 464/481 bp, consistent with homozygous exon 1 deletion induced by RNPs 1+4 or 1+3. (B) Absence of LEKTI expression is confirmed, by western blot, in the selected homozygous clones.

Δ*SPINK5* Human Keratinocytes as a Model of NS {#sec2.3}
----------------------------------------------

The ability to recapitulate the NS phenotype of the Δ*SPINK5* keratinocytes was assessed *in vivo* after grafting bioengineered skin produced with Δ*SPINK5* clone 1+4.2 and Δ*SPINK5*+E6E7 to immunodeficient mice. For a comparative analysis of the results, skin-humanized mouse models were also generated with cells from a clinically and histologically well-characterized NS patient ([Figure S3](#mmc1){ref-type="supplementary-material"}), and healthy isogenic human keratinocytes were used to produce the Δ*SPINK5* counterparts. Eight weeks after grafting, routine histological analysis of the different grafts (H&E staining) was performed ([Figure 4](#fig4){ref-type="fig"}A). Human-specific involucrin immunoperoxidase staining was used to demark the grafted areas ([Figure 4](#fig4){ref-type="fig"}B). Remarkably, the Δ*SPINK5* grafts showed typical NS skin phenotype, i.e., acanthosis, *stratum corneum* detachment, and finger-like dermal papillae. Furthermore, the Δ*SPINK5*+E6E7 grafts showed an epidermal architecture consistent with that of NS grafts, similar to that achieved with the non-immortalized Δ*SPINK5* cells despite a certain degree of atypia ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Recapitulation of NS Phenotype by Δ*SPINK5* Keratinocytes *In Vivo*Skin grafts were produced with healthy donor keratinocytes (HK Ctrl), NS patient keratinocytes (HKNS), Δ*SPINK5* clone 1+4.2 (HKΔ*SPINK5*), and immortalized Δ*SPINK5* clone (HKΔ*SPINK5*+E6E7). (A) Histological analysis (H&E staining) of grafts produced with HKΔ*SPINK5* and HKΔ*SPINK5+*E6E7 shows the recapitulation of the typical hyperkeratotic phenotype of NS. (B) Human-specific involucrin immunostaining (hINV) confirms the human origin of the grafts. Insets depict the staining at the mouse-human skin border. (C--F) Immunoperoxidase detection of (C) LEKTI, (D) keratin K10, and (E) psoriasin, as well as (F) *in situ* zymography, reveals that the skin equivalents regenerated from the Δ*SPINK5* keratinocytes fairly resemble those of NS. Scale bars, (A--E) 100 μm, (F) 50 μm.

A comparative expression analysis of epidermal molecular markers was performed in the four groups of grafts. As predicted, neither NS, Δ*SPINK5*, nor Δ*SPINK5*+E6E7 grafts showed LEKTI expression ([Figure 4](#fig4){ref-type="fig"}C). Keratin K10 showed a patchy expression array in NS and Δ*SPINK5* grafts that was also observed in Δ*SPINK5*+E6E7 grafts, although with a more heterogeneous pattern of staining reaching the basal layer ([Figure 4](#fig4){ref-type="fig"}D). Psoriasin, a marker associated with epidermal hyperproliferation, was barely detected in control grafts, but it was greatly increased in NS, Δ*SPINK5*, and Δ*SPINK5*+E6E7 grafts, presenting a similar expression pattern ([Figure 4](#fig4){ref-type="fig"}E). To assess whether the absence of LEKTI in NS and Δ*SPINK5* keratinocytes resulted in exacerbated proteolytic activity *in vivo* due to uncontrolled kallikreins, *in situ* zymography was performed on frozen sections of the different grafts. Compared to the caseinolytic activity (green fluorescence) seen in grafts from healthy donor keratinocytes, increased proteolytic activities were detected in the upper layers of the hyperplastic epidermis in all LEKTI null graft sections ([Figure 4](#fig4){ref-type="fig"}F).

Histological examination of the dermal compartment of the different Δ*SPINK5* grafts revealed also the existence of skin inflammation characterized by the presence of a vascular reaction and scattered neutrophils and eosinophils ([Figure S4](#mmc1){ref-type="supplementary-material"}).

Overall, these results demonstrate that the skin regenerated from the Δ*SPINK5* keratinocytes resembled to a great extent that of NS.

Use of the Δ*SPINK5* Model for Proof-of-Concept Therapy Studies {#sec2.4}
---------------------------------------------------------------

We had previously conducted proof-of-concept and clinical gene therapy studies using lentiviral *SPINK5* gene transfer to NS keratinocytes.[@bib5]^,^[@bib17] In the present study, to validate the use of the model in the evaluation of therapeutic interventions, we tested the same *ex vivo* lentiviral approach with our Δ*SPINK5* keratinocytes (Δ*SPINK5*+E6E7). Efficient gene transfer allowed a recovery of 61.3% of LEKTI expression ([Figure S5](#mmc1){ref-type="supplementary-material"}). Skin equivalents prepared with gene-corrected Δ*SPINK5*+E6E7 keratinocytes were transplanted to immunodeficient mice, and grafts were analyzed 6 weeks post-grafting. Direct comparative examination of gene-corrected versus uncorrected Δ*SPINK5*+E6E7 grafts showed no obvious macroscopic signs of phenotypic reversion, albeit a tendency to present less scaly foci was found in the former ([Figure S6](#mmc1){ref-type="supplementary-material"}). However, at the microscopic level, the gene-corrected skin regenerated in mice showed a striking normalization of the epidermal architecture, namely complete flattening of the epidermis, recovery of continuous K10 expression mostly at the suprabasal cell layers, and marked decrease of psoriasin expression and of kallikrein proteolytic activity ([Figure 5](#fig5){ref-type="fig"}).Figure 5Validation of the Δ*SPINK5* Model for Therapeutic Intervention *In Vivo*Skin grafts were produced with healthy donor keratinocytes (HK Ctrl), immortalized Δ*SPINK5* clone (HKΔ*SPINK5*+E6E7), and *SPINK5*-transduced immortalized Δ*SPINK5* clone (HKΔ*SPINK5*+E6E7+*SPINK5*). (A) Histological analysis (H&E staining) of grafts produced with HKΔ*SPINK5*+E6E7+*SPINK5* shows the recovery of a normal epidermal architecture with marked reduction of rete ridges. (B) Human-specific involucrin immunostaining (hINV) confirms the human origin of the grafts. Insets depict the staining at the mouse-human skin border. (C) Restored expression of LEKTI closely follows the pattern of involucrin in the *SPINK5* corrected grafts, verifying *SPINK5* expression recovery. (D--F) Immunoperoxidase detection of (D) keratin K10 and (E) psoriasin, along with (F) *in situ* zymography, reveals that the skin equivalents regenerated from the *SPINK5*-transduced immortalized Δ*SPINK5* keratinocytes fairly resemble those of healthy donor keratinocytes, with normal expression recovery of molecular markers and reduced proteolytic activity. Scale bars, (A--E) 100 μm, (F) 50 μm.

Given the successful recapitulation of the NS phenotype at the epidermal level in the *in vivo* skin-humanized model and its validity as a test system for therapeutic intervention, we explored whether valuable phenotypic data could also be obtained under a less complex experimental setting. To this end, *in vitro* OTCs produced either with gene-corrected (Δ*SPINK5*+E6E7+*SPINK5*) or uncorrected (Δ*SPINK5*+E6E7) keratinocytes were prepared and analyzed similarly to the *in vivo* grafts. The analysis of epidermal molecular markers, 2 weeks after exposure of the OTCs to the air-liquid interface, revealed the presence of clear hallmarks of NS in uncorrected OTCs (i.e., absence of LEKTI, irregular K10, and increased psoriasin expression), which were completely normalized in OTCs produced with gene-corrected cells ([Figure 6](#fig6){ref-type="fig"}). As seen in the *in vivo* skin model, gene-corrected OTCs also displayed markedly reduced caseinolytic activity, resembling that of OTCs prepared with healthy donor keratinocytes.Figure 6Validation of the Δ*SPINK5* Model for Therapeutic Intervention *In Vitro*Fibrin-based organotypic cultures (OTCs) produced with healthy donor keratinocytes (HK Ctrl), NS patient keratinocytes (HKNS), immortalized Δ*SPINK5* clone (HKΔ*SPINK5*+E6E7), and *SPINK5*-transduced Δ*SPINK5* clone (HKΔ*SPINK5*+E6E7+*SPINK5*). (A) Histological analysis (H&E staining) shows that no major differences are observed between groups with regard to epidermal stratification and architecture. (B--E) Immunoperoxidase detection of (B) LEKTI, (C) keratin K10, and (D) psoriasin, as well as (E) *in situ* zymography, reveals that the OTCs produced with the Δ*SPINK5* keratinocytes fairly resemble those of NS, and it shows normalized marker expression and reduced proteolytic activity in gene-corrected OTCs. Scale bar, 50 μm.

Globally, these results demonstrate that Δ*SPINK5* keratinocyte derivatives (i.e., grafts or OTCs) represent useful platforms to test novel therapies for NS.

Discussion {#sec3}
==========

Reliable models of genodermatoses based on the engraftment in immunodeficient mice of patient biopsies or bioengineered skin prepared with patient cells represent an advantage over murine models (e.g., transgenic or knockout), particularly when it comes to efficacy assessment of cell and gene therapies. Our group has provided trustworthy skin-humanized mouse models for epidermolysis bullosa, pachyonychia congenita, xeroderma pigmentosum, lamellar ichthyosis, and NS,[@bib5]^,^[@bib18], [@bib19], [@bib20], [@bib21], [@bib22] contributing to the development of novel therapeutic strategies, some of which have already reached the clinical stage.[@bib17]^,^[@bib23], [@bib24], [@bib25] However, one of the critical steps in the modeling based on skin bioengineering is the adequate provision of biopsies to obtain keratinocytes and fibroblasts. In addition to the paucity of available patients due to the inherent rarity of the disease, difficulties of biopsy procurement also involve ethical constrains, age of the patient, or availability of specialized physicians. Consequently, the study of genodermatoses, including their modeling, using patient cells has remained an effort mostly restricted to laboratories with roots in large dermatology centers. To avoid the dependence on patient biopsies, genetic manipulation of normal skin cells to alter the expression of diseases-causing genes can be considered. For disorders with recessive inheritance, abrogation of gene function is required.

Until recently, the predominant strategy to decrease the expression of a given gene relied on the use of RNAi technology. However, incomplete knockdown resulting from RNAi often leads to small amounts of protein, which is especially puzzling in cases where even low levels of protein are sufficient to provide a functional benefit.[@bib2]^,^[@bib3] Currently, gene editing approaches using CRISPR-Cas9 technology have greatly facilitated the targeted disruption of genes allowing the generation of cell lines with fully abrogated gene function.[@bib26] However, to date, most knockout cell lines produced by this technology rely on constitutive Cas9 expression that is capable of inducing untoward genotoxic effects. In addition, to achieve biallelic gene disruption, cell cloning or isolation based on selectable markers is required, a possibility restricted mostly to cell lines. The previous low efficacy of gene editing achieved in primary human keratinocytes had precluded the possibility of isolation of large number of clones with the desired gene disruption. This drawback has now been solved thanks to an improved CRISPR-Cas9 strategy based on the use of double CRISPR RNA guides flanking the targeted DNA sequence delivered as RNPs by electroporation.[@bib4] This strategy, suited for hard-to-transfect cells[@bib27]^,^[@bib28] and previously used by us to excise a mutation-bearing exon from *COL7A1* (i.e., exon 80) causing recessive dystrophic epidermolysis bullosa, was shown to render a very high proportion of keratinocytes with biallelic gene disruption, enabling straightforward isolation of null clones. In this study, we used this gene editing strategy to generate a model of NS by deletion of a critical *SPINK5* sequence (E1).

The extraordinary efficacy of the approach in keratinocytes resulted in a very high proportion (10 out of 11) of clones with homozygous *SPINK5* disruption ([Figure 3](#fig3){ref-type="fig"}). The selected 1+4.2 clone clearly recapitulated the NS epidermal phenotype in grafted mice, a result that was our main goal of this study. Moreover, NS-like alterations were also found at the dermal level, suggesting that, despite the host (i.e., murine) origin of capillary and immune cells in this kind of model,[@bib29]^,^[@bib30] the Δ*SPINK5* epidermis was proficient to orchestrate an inflammatory response. This response, however, was likely not fully developed due to the lack of T cells in the immunodeficient mouse graft recipient.

In order to achieve a model enabling skin regeneration during a period of time sufficient to evaluate therapeutic interventions, we carried out immortalization of the gene-edited keratinocytes (Δ*SPINK5*+E6E7). In this regard, it could be argued that immortalization might invalidate the model by introducing additional genetic changes interfering with epidermal differentiation and/or proliferation. However, our results suggest that this was not the case in our Δ*SPINK5* model, since the grafts from Δ*SPINK*5+E6E7 matched most of the histopathological features of NS grafts, including the response to a gene replacement therapy. In fact, restoration of LEKTI expression after lentiviral gene transfer to Δ*SPINK5*+E6E7 keratinocytes enabled full normalization of the epidermal phenotype of regenerated skin, despite a short-term (6- to 8-week) analysis.

Special concerns about the reduction and replacement of animal models in basic research and preclinical phases have encouraged the development of *in vitro* OTCs. Although they are simplified models, skin equivalents recapitulate, at least in part, a 3D architecture and represent valuable experimental platforms of lower cost and complexity than with animal models. In this regard, two different OTCs have been previously developed for NS, one with patient-derived keratinocytes[@bib5] and the other one with normal human keratinocytes transfected with *SPINK5*-interfering RNA.[@bib31] Both models partially recapitulated, with some degree of atypia, the NS phenotype and were used in preliminary screening of new therapies to treat NS, but they were not suitable for long-term studies. In fact, one of the main challenges of most OTCs is their limited lifespan. Therefore, current efforts have been made to optimize the formulation of dermal matrices and culture media to achieve greater durability.[@bib32]^,^[@bib33]

Despite the short half-life of our OTCs, the skin equivalent maintained its macroscopic and histological stability for up to 4 weeks and exhibited better epidermal architecture compared to the previous OTCs. Furthermore, it allowed the recapitulation of some distinctive hallmarks of NS and served to assess the protease activity reduction resulting from *SPINK5* re-expression in Δ*SPINK5+*E6E7 keratinocytes ([Figures 6](#fig6){ref-type="fig"}B and 6E). Even so, partial recapitulation of the NS phenotype may suggest the need of other important cell lineages (such as immune cells) into the dermal matrix to more accurately mimic other pathological features of the disease.

There is a large number of monogenic genodermatoses, with only a small proportion being fully addressed in terms of models and therapies. In this study, we showed that efficient gene editing-mediated ablation of disease-causing genes and straightforward selection of gene-edited keratinocyte clones, enhanced by the use of Rho-associated protein kinase (ROCK) inhibitors in the cell culture,[@bib4]^,^[@bib34], [@bib35], [@bib36] enables the production of genodermatoses-like primary epidermal cells. Our approach can contribute to increase the study and evaluation of novel therapeutic approaches for ultra-rare and previously neglected genodermatoses.

Materials and Methods {#sec4}
=====================

Skin Biopsies, Keratinocyte Culture, Isolation of Clones, and Immortalization {#sec4.1}
-----------------------------------------------------------------------------

Skin biopsies were obtained, after informed consent, from healthy donors or NS patients in accordance with the Declaration of Helsinki and the approval of the Ethics Committees of the collaborating hospitals.

Primary keratinocytes were isolated from skin biopsies and plated onto lethally irradiated 3T3-J2 cells (feeder layer) and cultured in keratinocyte growth complete medium (KCa), a 2:1 mix of DMEM and Ham'S F12 medium (Gibco-BRL, Barcelona, Spain) containing 10% fetal bovine serum (FBS) (HyClone, Thermo Fisher Scientific, Waltham, MA, USA), 1% penicillin/streptomycin, and supplemented with 8 ng/mL cholera toxin, 5 μg/mL insulin, 2.4 ng/mL adenine, 0.4 μg/mL hydrocortisone, 1.3 ng/mL triiodothyronine, and 10 ng/mL epidermal growth factor (EGF) (Sigma-Aldrich, St. Louis, MO, USA).

To obtain isolated clones, cells were plated at low density in 100-mm plates (10^3^ cells/plate) with 2 × 10^6^ lethally irradiated 3T3 feeder cells per plate. Cell clones were then collected using polystyrene cloning cylinders (Sigma-Aldrich) and expanded in growth medium supplemented with Y-27632 ROCK inhibitor (10 μM, Sigma-Aldrich).

Immortalization of gene-edited human keratinocytes was performed as previously described.[@bib37] Briefly, a 20%--30% confluence keratinocyte cell culture was incubated overnight with the supernatant produced by HEK293T cells transfected with the retroviral vector plasmid pLXSN16E6E7 (Addgene, Watertown, MA, USA) together with plasmids containing necessary sequences for viral encapsidation (pNG-VL3-MLVgag-pol, pNGVL3-4070; Addgene). Cells were subsequently subjected to serial passage until the 3T3 feeder layer was no longer required.

CRISPR-Cas9 Delivery {#sec4.2}
--------------------

gRNA CRISPR guides were designed targeting *SPINK5* E1 (gRNA1, 5′-GTGCAGTATGACTGAACTCG-3′; and gRNA2, 5′-TGCACCAGCTGAGCAATGCA-3′) and *SPINK5* intron 1 (gRNA3, 5′-GCTTTGAGATGTGTGGCAAG-3′; and gRNA4, 5′-GCCACACATCTCAAAGCCCT-3′) sequences. Synthetic RNAs and recombinant Cas9 were purchased from Integrated DNA Technologies (IDT, Coralville, IA, USA), and ribonucleoprotein (RNP) complexes were delivered to the primary keratinocytes by nucleofection using the Neon transfection system 10 μL kit (Thermo Fisher Scientific).

Primary cells were resuspended at 1.5 × 10^5^ cells/10 μL of resuspension buffer R for each reaction. RNP complexes were added to each sample (72.7 pmol of CRISPR RNA \[crRNA; gRNA\]/*trans*-activating crRNA \[tracrRNA\], 10.9 pmol of Cas9, 6.6:1 molar ratio). The electroporation conditions were as follows: 1,700 V/20 ms/1 pulse. After electroporation, cells were seeded into six-well plates containing a feeder layer.

Genotyping of Gene-Edited Keratinocytes {#sec4.3}
---------------------------------------

Genomic DNA was isolated by isopropanol precipitation of keratinocyte lysates (lysis buffer was 20 mM Tris-HCl \[pH 8\], 5 mM EDTA, 1% SDS, 400 mM NaCl, and 20 μg/μL proteinase K \[Roche, Basel, Switzerland\]) and resuspended in Tris/EDTA (TE) buffer. Approximately 50 ng of genomic DNA was used for PCR amplification. PCR fragments spanning the Cas9 target sites within *SPINK5* were generated with primers 5′-AGGGTCTGTGGACTCCATCA-3′ (forward) and 5′-AGCAAGAGGAAGATGAAGAAGAATCT-3′ (reverse).

The PCR program was as follows: 94°C for 5 min; 5 cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 45 s, decreasing annealing temperature 1°C every cycle; followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 45 s, then 72°C for 7 min. PCR products were analyzed in 1.5% agarose gel. The molecular weight marker was IX (Sigma-Aldrich). For sequencing, PCR products were treated with Illustra ExoProStar (GE Healthcare, UK), sequenced using BigDye Terminator version (v)1.1 cycle sequencing kit (Thermo Fisher Scientific), and examined on a 3730 DNA analyzer (Life Technologies, Carlsbad, CA, USA). Chromatograms were analyzed using Sequencher software (Gene Codes, Ann Harbor, MI, USA). Bio-Rad's Image Lab software 6.0 was used for PCR band densitometry.

Western Blot Analysis {#sec4.4}
---------------------

Keratinocytes were lysed in protein extraction buffer (50 mM Tris-HCl \[pH 7.5\], 150 mM NaCl, 1% Nonidet P-40, and 5 mM EDTA) containing proteinase inhibitors cocktail (cOmplete Mini protease inhibitor cocktail, Roche) and phosphatase inhibitors cocktail (PhosSTOP, Roche). For each sample, 20 μg of total protein was resolved on NuPAGE 4%--12% Bis-Tris gel (Invitrogen, Carlsbad, CA, USA) and electrotransferred onto nitrocellulose membranes (Invitrogen).

For LEKTI analysis, blots were probed with a polyclonal anti-LEKTI antibody[@bib38] at 1:1,000 dilution, and cell immortalization was assessed with an anti-E7 monoclonal antibody (Santa Cruz Biotechnology. Dallas, TX, USA) at 1:1,000 dilution. An antibody against β-actin (Abcam, Cambridge, UK) was used as loading control. Visualization was performed by incubating the membrane with horseradish peroxidase (HRP)-conjugated anti-immunoglobulin G (IgG) rabbit antibody (Amersham, Burlington, MA, USA) or anti-IgG mouse antibody (Jackson ImmunoResearch Laboratories. Cambridge, UK) at 1:5,000 dilution and Clarity western ECL (enhanced chemiluminescence) blotting substrate (Bio-Rad).

Bioengineered Skin Generation and Grafting to Immunodeficient Mice {#sec4.5}
------------------------------------------------------------------

Animal studies were approved by our institutional animal care and use committee according to national and European legal regulations (protocol PROEX 187/15). Keratinocytes were seeded on fibrin dermal equivalents containing normal human fibroblasts, prepared as previously described.[@bib39] After keratinocytes reached confluence, bioengineered skin equivalents (n = 6) were grafted onto the back of 7-week-old female immunodeficient mice (nu/nu, NMRI background), purchased from Elevage Janvier (France), as previously described.[@bib39] Mice were sacrificed at different time points after grafting, and grafts were harvested and embedded in Tissue-Tek OCT compound or paraffin for skin histology and immunohistochemistry analyses.

Organotypic Skin Cultures {#sec4.6}
-------------------------

To establish the *in vitro* OTCs, human dermal fibroblasts (1 × 10^5^) were resuspended in a fibrin matrix derived from pig plasma cryoprecipitate diluted in growth medium, supplemented with 800 μg/mL Amchafibrin (Fides Ecopharma, Barcelona, Spain) and 2.5 U of human thrombin diluted in 0.025 mM CaCl~2~ (Sigma-Aldrich). The mixture was placed in a six-well transwell plate with 1-μm pore polyester membrane (Falcon cell culture insert, Corning Life Sciences, NY, USA). After gelation (2 h at 37°C), human keratinocytes (1 × 10^6^ cells/well) were seeded onto the gel. When keratinocytes reached confluence, the insert was transferred to deep-well plates (Corning Life Sciences) and cultured at the air-liquid interface for 2 weeks to allow proper epithelium differentiation. To this end, the growth medium was removed from the surface of the culture and differentiation medium (2:1 of DMEM/Ham'S F-12 mixture supplemented with 0.5% FBS, 5 μg/mL insulin, 8 ng/mL cholera toxin, 0.4 μg/mL hydrocortisone, 2.4 ng/mL adenine, 1.3 ng/mL triiodothyronine, 1% penicillin/streptomycin, 1.5 ng/mL EGF, and 50 μg/mL ascorbic acid) was added under the insert. The differentiation medium was renewed twice a week for 2 weeks until OTC harvest. In order to confirm tissue stability, some OTCs remained in culture up to 4 weeks.

Immunofluorescence and Immunohistochemical Staining {#sec4.7}
---------------------------------------------------

For immunofluorescence detection of LEKTI in keratinocytes, cells grown on glass coverslips were fixed in 4% paraformaldehyde for 10 min at room temperature. Cells were incubated in Tris-buffered saline (TBS) with 1% BSA (Sigma-Aldrich) for 1 h at 37°C, and in polyclonal anti-LEKTI antibody[@bib38] at 1:1,000 dilution. Secondary antibody (Alexa Fluor 594, Invitrogen) was used at 1:2,000 dilution for 30 min at 37°C. Preparations were mounted using Mowiol mounting medium (Hoechst, Somerville, NJ, USA) containing 0.25 ng/mL DAPI (Sigma-Aldrich).

Formalin-fixed paraffin sections (4--6 μm) were stained with hematoxylin and eosin (Gill 2 hematoxylin and eosin Y, alcoholic; Thermo Fisher Scientific, Altrincham, UK) following a standard procedure to determine tissue architecture. Epidermal molecular markers were studied by immunoperoxidase staining. Primary antibodies used were as follows: anti-involucrin (Sigma-Aldrich) at 1:100 dilution, anti-LEKTI[@bib38] at 1:1,000 dilution, anti-K10 (Santa Cruz Biotechnology) at 1:100 dilution, and anti-psoriasin (Imgenex, San Diego, CA, USA) at 1:200 dilution. Secondary antibody anti-rabbit or anti-mouse IgG (H+L) (Jackson ImmunoResearch Laboratories) was used at 1:500 dilution. The ABC peroxidase kit (Vector Laboratories, Burlingame, CA, USA) was used for immunohistochemical detection.

*In Situ* Zymography {#sec4.8}
--------------------

To detect skin proteolytic activity, frozen sections were incubated overnight at 37°C with 10 μg/mL casein conjugated with BODIPY-FL using the EnzChek Ultra protease assay kit (Invitrogen) in a buffer containing 10 mM Tris-HCl (pH 7.8). The fluorescence was detected under a fluorescence microscope (λ490 nm).

*SPINK5* Lentiviral Transduction {#sec4.9}
--------------------------------

Lentiviral vector preparations were produced by transfecting HEK293T cells by calcium phosphate precipitation,[@bib19] using packaging plasmids encoding the viral capsid (pMDLgpRRE, pRSV Rev, pMD2.VSVG \[Addgene\]) and the plasmid vector *SPINK5*/EGFP or the control version devoid of *SPINK5.*[@bib38] Infectious lentiviruses were harvested at 24 and 48 h post-transfection and filtered through 0.45-μm pore cellulose acetate filters (Merck, Darmstadt, Germany). Immortalized keratinocytes were infected with *SPINK5*/EGFP or control EGFP lentiviral supernatants in two infection cycles of 7 h at 37°C.
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